Ornithine decarboxylase (ODC), one of the most laby the 26S proteasomes. We describe here an alternabile cellular proteins, is the most notable exception to tive pathway for ODC degradation that is regulated by the ubiquitin-proteasome degradation pathway (Cof-NAD ( der oxidative stress.
). Because MG132, a tegrity of the antizyme binding region is important for dicoumarol-induced ODC degradation. proteasome inhibitor, completely blocked dicoumarolinduced ODC degradation ( Figure 1H ), we concluded To further evaluate the requirement of antizyme, we examined the ability of dicoumarol to induce ODC degthat ODC degradation is mediated by the proteasomes. Time course experiments revealed that the effect of diradation under conditions whereby antizyme level is reduced (Rom and Kahana, 1994). COS-1 cells were culcoumarol is rapid because significant ODC degradation was already observed within 2.5 hr ( Figure 1I ). These tured in the presence of DFMO, a mechanism-based inhibitor of ODC, to reduce cellular polyamines and, as results indicate that NQO1 regulates ODC proteasomal degradation. a result, to decrease the level of endogenous antizyme ( Figure 2D ). Under these conditions the dicoumarolinduced ODC degradation was less efficient ( Figure 2E ).
Dicoumarol Induces ODC Degradation in the Absence
These results further suggest that antizyme enhances of the E1 Ubiquitin-Activating Enzyme dicoumarol-induced ODC degradation. To examine whether dicoumarol-induced ODC degradation is ubiquitin dependent, we utilized A31N and A31N-ts20 BALB/c mouse cell lines. A31N-ts20 cells
The ODC C-Terminal Destabilizing Region Is Dispensable for Dicoumarol-Induced harbor a temperature-sensitive E1 enzyme, the only ubiquitin-activating enzyme in mammalian cells (Chow-ODC Degradation Next, we asked whether the dicoumarol-induced ODC dary et al., 1994). When A31N-ts20 cells are cultured at the restrictive temperature (39°C), the E1 enzyme is degradation requires the C-terminal destabilizing region of ODC. To this end, we utilized the C terminusinactive and protein ubiquitination and degradation is repressed. Under these conditions and in agreement truncated ODC mutant lacking the last 37 amino acids, termed Del6 ( Figure 2B ). Simradation, even in the absence of the C-terminal destabilizing region. The role of antizyme in this process can ilar results were obtained in the presence of the protein synthesis inhibitor cycloheximide (CHX) (Figure 2C ), rulbe merely in the formation of ODC monomers. We challenged this possibility by employing an ODC mutant in ing out the possibility that the resistance of the MTM mutant to dicoumarol is due to its rapid synthesis. Conwhich glycine 387 was substituted with aspartic acid (G387D), which is incapable of homodimerization (Totrol experiments revealed that dicoumarol is active in the presence of CHX and could induce degradation of bias et al., 1993). The MTM mutant was also altered at glycine 387 to form the MTM-G387D double mutant wild-type ODC (data not shown) and of another ODC mutant (see below). These results indicate that the in-( Figure 3A ). This double mutant neither binds antizyme The observation that dicoumarol induces degradation ( Figure 3D, compare lanes 1-3 with lanes 4-6) . These of ODC monomers that neither bind antizyme nor conresults indicate that dicoumarol induces preferential tain the C-terminal destabilizing region, was rather surdegradation of ODC monomers and that the C-terminal prising and called for the presence of an alternative destabilizing region of ODC is dispensable for this process.
pathway for ODC degradation. To address this possi- Figure 4D) . dicoumarol ( Figure 4J ). The specificity of the protective The MTM mutant that was dicoumarol-refractory in effect of NQO1 on ODC degradation was demonstrated vivo was also resistant to degradation by the 20S proby the inability of NQO1 to inhibit degradation of a conteasomes in vitro ( Figure 4E, lanes 1 and 2) . However, trol protein (p73β) by the 20S proteasomes (data not this mutant was sensitized to 20S-mediated degradashown). Together, our data strongly suggest that NQO1 tion once its capacity to homodimerize was eliminated stabilizes ODC by inhibiting 20S proteasomal degradain the MTM-G387D double mutant ( Figure 4E cell extracts were subjected to immunoprecipitation 11). Next, we tested whether NQO1 and antizyme might interfere with one other binding to ODC. Our results inusing anti-ODC antibody. NQO1 was coimmunoprecipitated with ODC ( Figure 5A ). Similar results were obdicate that ODC association with antizyme was not affected by NQO1 ( Figure 5C , lanes 12 and 13), and ODC tained when the interaction between these proteins was tested in vitro with in vitro translated [
35 S]methioassociation with NQO1 was not affected by antizyme ( Figure 5C, lanes 11 and 13) . These results rule out the nine-labeled ODC and NQO1 ( Figure 5B) , suggesting an efficient binding of NQO1 to ODC. Thus, ODC and possibility that NQO1 stabilized ODC by blocking the ODC-antizyme complex formation. NQO1 are in association in cells and when mixed in vitro.
To make the correlation between binding to NQO1 and susceptibility to dicoumarol-induced degradation,
NQO1-ODC Association Is Disrupted by Dicoumarol
It is possible that the protective effect of NQO1, obthe Del6 ODC mutant that was sensitive to dicoumarolinduced degradation ( Figure 2F ) was subjected to coimserved both in vivo and in vitro, is due to its direct interaction with ODC. In such a case, the destabilizing munoprecipitation experiments. Like wild-type ODC, this mutant also bound NQO1 ( Figure 5C, lanes 9 and effect of dicoumarol may result from preventing and/or Figure 7B) . Remarkably, no significant increase in antizyme level was observed following radation by the 26S proteasomes because it does not require the C-terminal proteasome recognition elements oxidative stress, raising the possibility that under these conditions, antizyme plays a minor role in accelerating of ODC. Degradation via this pathway is blocked by NQO1 and can be enhanced in the presence of dicou-ODC degradation ( Figure 7B ). This conclusion was further confirmed by data obtained with the ODC-Del6 marol, an inhibitor of NQO1. Several findings suggest that this degradation pathmutant lacking the C-terminal destabilizing region of ODC, a region that is required for antizyme-mediated way requires ODC monomers. The MTM mutant is a homodimer even in the presence of antizyme. This mudegradation of ODC. The activity of both wild-type ODC and the ODC-Del6 mutant was reduced to the same tant is sensitized to dicoumarol-induced degradation, both in vivo and in vitro, only when a point mutation extent following H 2 O 2 treatment ( Figure 7C ). These data suggest that under oxidative stress, the C-terminal de-(G387D) that prevents homodimerization is introduced. 
